This paper presents some problems inherent in the application of a laser two-focus anemometry technique to measurement in high-speed small-scale compressors. Improvements in data processing are described, in relation to reducing the acquisition time. Measurement uncertainties and their possible estimation are discussed. An optimized blade pitch partition during synchronized measurements within rotating blade passages is presented using a prediction of shadow zones. Two examples highlight the resulting benefits both in terms of reduction of the acquisition time and improvement of the azimuthal resolution. 
INTRODUCTION
Laser anemometry measurements applied to turbomachinery have two main objectives. One is improved understanding of the flow physics ; the other is to assess the accuracy of numerical simulations. Moreover, measurements can be further classified through the scale of the experimental facilities. For instance, if considering centrifugal compressor studies, the investigations conducted by Hathaway etal. (1993) and Chriss et al. (1994) at the NASA-Lewis Research Center in a low-speed, large-scale facility are typical of those aimed at providing details of the flow, particularly within the blade boundary layers. The large size of the impeller enables measurements of all three velocity components with a spatial resolution allowing the assessment of the accuracy of computational fluid dynamic flow field predictions. The investigations conducted in high-speed facilities allow a study of strong interactions of secondary flows generated in particular by the Coriolis force or the 3D shock structure. The considerable difficulty in obtaining flow data in such complex narrow flow channels, characterized by long twisted 3D passages with high curvature and low aspect ratio, explains the scarcity of published results. The works of Eckardt (1976) , Senoo et al. (1979) . Elder and Forster (1987) and 'Crain (1988) form reference cases of effort in this area.
With an objective of understanding 3D compressible flow phenomena in compressors, L2F investigations have been carried out at Ecole Centrale de Lyon in high-speed compressors for fifteen years. Results obtained in a highpressure supersonic single-stage axial compressor called ECL3, have shown the capability of the developed procedures to acquire the inter-blade flow field data (Trebinjac et al., 1993) . Recent investigations conducted in a high-speed unshrouded centrifugal compressor designated TMO, whose overall pressure ratio is around 9, have further confirmed this (Trebinjac and Claudin, 1996) .
The object of this paper is to present the main problems inherent in the application of the L2F anemometry technique to measurement in high-speed small-scale compressors. These investigated compressors require high-power, high-speed rotating facilities driving which leads to high cost experimentation. Hence, an improved data acquisition procedure is described in order to reduce the acquisition time without sacrificing the accuracy. Furthermore, particular difficulties occur when the measurements are performed within rotating blade passages. The first one deals with the fully 3D geometry of the advanced compressors blades which leads to regions where no measurement is possible. Since an adequate optical access to the research compressor is one of the crucial points to obtain success of the measurements, a prediction of such shadow regions is necessary in order to optimize the orientation of the line of sight and the windows location. Secondly, in order to reduce the acquisition time, an acquisition procedure based on an optimal blade pitch partition during synchronized measurements is presented here, using the prediction of shadow zones.
LASER ANEMOMETRY TECHNIQUE
The L2F laser anemometry technique, based on the work of Schodl (1977) , is well-known. Details of the system designed and used in the laboratory have been described by Vouillarmet (1986) . The optics assembly creates two light spots at a distance s of about 0.5 mm, in focusing two laser beams which form two incident light cones with apex angles of v, = ± 50 (this value is chosen to achieve a suitable on-axis spatial resolution). In the present study, these two cones are assumed to be merged. The light reflected by the particles is collected inside a cone with an apex angle of v, = ± 100, surrounding the incident light cone. The capacity to perform measurements is dependent on the possibility to create the measurement volume with only a part of the incident light cone, without overdazzling the photomultipliers by the other part reflected by the blade surfaces. It depends also on the capability of collecting the reflected light cone from the particle crossing the measurement volume.
The signal processing is performed by a dual-counter, made up of a rapid counter, whose resolution is 10 nanoseconds (denoted primary part), and a one microsecond resolution counter (denoted secondary part). The primary part of this dual-counter is used for the velocity determination, whereas the secondary part is used for the synchronization of measurement in rotating pagsnges.
Acquisition procedure and Improvement In data processing
The L2F measurements procedure consists of data acquisition at different angular positions of the anemometer, which allows for the establishment of a bidimensional probability density function (p.d.f.). P v.,(V,a), of the polar components of the velocity vector.
However, in case of critical acquisition conditions like those encountered in high speed, small size turbomachines, the building of a reliable p.d.f. requires a great number of data points (particle crossings). Even if this number can be optimized according to the expected measured fluctuation level, it often requires excessive acquisition time. Thus, it is better to split the data acquisition procedure into two successive steps. One, realized with a reduced number of data, leads to the marginal angular p.d.f. P a (a). The other is then conducted, with the probe volume being oriented parallel to the estimated mean velocity direction. This leads to a conditional p.d.f. of the velocity modulus P v (V)1 r, isotronic turbulence hypothesis, In the case of the two steps data acquisition procedure, the calculation of the mean and fluctuating values of the velocity vector components a and V necessitates a hypothesis of non correlated variables. Thus, it is interesting to consider an isotropic turbulence model which is a simple and a useful model.
A stationary isotropic turbulent flow field is described by its fluctuating cartesian components, u, and u y , considered to be independent random variables for which the p.d.f. is :
(u x ,uy )= P.. (u")•P uy (uy )
with :
It can be shown that, in polar coordinates, the expression of this p.d.f. is given by :
Therefore, concerning the mean modulus V value, it can be shown that :
Pt,e(4,0)= P4(4) Pe ( 6) = exPi-(2) a az ATC
The convection of this isotropic turbulence by an uniform flow field gives the resultant flow field represented by :
Cylindrical components are obtained from a first order development, assuming a small fluctuations hypothesis (t/V «1, cz-5 « rt). They are given by :
It is then possible to show that a and V are non correlated random variables for which the p.d.f. is given by :
Thus, the marginal p.d.f. can be written as :
Hence, the cylindrical components V and a of the velocity vector are also Gaussian random variables with a v = a and ac, = a/V.
Statistical data treatment Within the framework of the previous hypothesis, it can be shown that in whichever way the mean angle, 5, is calculated, this leads to the result of the velocity vectorial mean :
Therefore, the formula using the measured marginal angular p.d.f. is reliable. In the same way, the associate standard deviation is given by :
al, = (a -5)2 • Pc, (a ) da (8) With the same hypothesis, the total p.d.f. is written as :
If a first order development is made, this results in the same conclusions that were made previously. The velocity standard deviation is given by :
Estimation of the measurement accuracy
The presented acquisition procedure aims at decreasing the acquisition time without, for all that, sacrificing the measurement accuracy. Thus, the validity of the proposed procedure is discussed. A pan from that, a lot of parameters have an effect upon the measurement accuracy, which is thus not easy to estimate. However, the majority of uncertainties can be evaluated. It is the case of the effects of the finite size of the L2F measurement volume, of the electronics resolution, of the finite number of sample data acquired at each geometrical point, and of the erroneous data generated by the very anemometer principle. But, the lag of some particles which do not accuratly follow the flow leads to uncertainties more difficult to quantify. Estimations of the bias, relating especially to the mean velocity V. are given below.
Acaulsition procedure. Experimentally, in our investigated compressors, angular and velocity probability histograms look like gaussian distribution, except in strong shear flow regions such as boundary layers or blade wakes. Moreover, some authors such as FOrster (1995) use a fitting of the experimental p.d.f. by gaussian curves, in order to filter wrong data. Otherwise, the hypothesis of non correlated variables is not far from real flow fields conditions, even in turbomachines, where high turbulence levels occur. Flack et aL (1992) corroborate this, through low values of Reynolds stresses in their investigated centrifugal pump at low flow rates.
These observations confirm the good reliability of such a simplified procedure, all the more because the hypotheses are applied in a weak form : the statistical data treatement has to be realized from the experimental histograms and not from the fitted ones, and second order moments a v and ac, are separately calculated. In specific cases where the previous hypotheses fail, leading to poor accuracy, it is always possible to rebuild the complete bidimensional p.d.f. P vic,(V,a) from the doublets (V, a) measured for each particle crossing, in order to obtain the first and second order moments.
Geometry of the L2F measurement volume, Th e characteristics of the measurement volume are the focus diameter d, based on the 1/e 2 intensity points, the spot separation s and the longitudinal length I. A great value of the ratio d/s leads to a decrease of the angular resolution and to a fictitious amount of the angular and (6 Electronics resolution
With a rapid counter resolution St of 10 ns and a spot separation s of 0.5 mm, each measurement of a particle velocity V = 100 rn/s leads to an uncertainty SV/V of 0.1%. finite number of sample data _ Cr y Z (13) with Z = 1.65 for a confidence level of 90%. Hence, for a given accuracy, the number of acquired data must be adjusted in terms of the standard deviation. To define it, a priori, involves to have an idea of the investigated flow characteristics. An accuracy better than 0.5% needs only 11 measuring events for Crv /V=1%, whereas 4400 data are necessary if ci v reaches 20%.
Erroneous data One of the difficulties of L2F anemometry is to discern valid from erroneous data, occuring when it is not effectively the same particle, but two different ones, which successively cross the upstream and downstream laser foci. The answer consists in analysing their statistical characteristics which depend on the data reduction technique used. Using a Poisson distribution to describe the spatial distribution of the particles in the flow, Vouillarmet (1979) has shown that, for the counting technique, the probability function of erroneous data is given by :
This result is well validated by experiments performed in a turbulent flow with a v /V=20%, as shown in Fig.l .
In the case of low flow fluctuations, the velocity histogram of erroneous data and that , of valid data are located in very different velocity ranges ; thus, no bias occurs. In case of high flow fluctuations, low valid data rates or excessive particle concentration, the uncertainty in the evaluation of the mean velocity could be evaluated as below : This uncertainty grows moderatly with K values, but drastically when the modulus standard deviation increases and the valid data rate I decreases (which is connected to the angular standard deviation). For example, if K=0.1 (which corresponds to a suitable seed particles concentration p p=4.10'° particles/m 3), I=30% and Cr y /V=5%, the generated uncertainty is less than 0.03% which is quite negligible. But, if av /V=20% associated with 1=10%, the uncertainty reaches almost 5%. In that case, the unbiased histogram must be restored before estimating the mean velocity, by using the modelisation of the erroneous data described above (eq. 14), which is consistent with high fluctuating flow field conditions. Change in K values do not affect these above conclusions. In fact, for K=0.02, the accuracy is only three times better, and for K=0.5, less than two times worth.
Seeding control, Although the specifications for a proper seeding are known and widely discussed in the literature (Maxwell, 1975; Mazumder and Kirsh, 1975; Melling, 1986; Melling and Whitelaw, 1975; Meyers, 1991) , its realization remains a major issue, especially in high speed rotating facilities. Indeed, the high temperature encoutered affects the characteristics of the delivery aerosol through either the lower amount of light scattered from hot dropplets or agglomeration of particles leading to polydisperse distributions (apart from problems such as bearing infiltration or erosion of blades if solid seed particles are used). Polydisperse distribution results in unknown bias error in the mean velocity due to the lag of the too large particles and artificial increases in standard deviation.
• Considering all the quantifiable uncertainties, it is found that, in high speed investigated compressors, an accuracy of flow angle detection within ±1 deg can be achieved, whereas the error of mean velocity measurement does not exceed ±1 But, in the regions of strongly decelerated flows (where the lag of the particle is more severe) and within close proximity of the walls (where the signal/noise ratio drops), measuring errors will be somewhat increased. 
THE MEASUREMENT IN ROTATING BLADE ROWS
Prior to taking measurements inside a blade row (rotor or stator), it is interesting to predict the measurable zones. Due to blade twist, there are shadow regions where no measurement will be possible. Furthermore, light reflections from the blade surfaces will lead to additional regions where data acquisition is not possible either. The predictions of these zones (zero data zones), presented in the following sections, allows the determining of the feasibility of creating the probe volume and collecting the scattered light. It enables the choice of the orientation of the lines of sight and the window locations in the investigated machine.
When measurements are performed within rotating passages, a synchronizer system ts needed. It uses an electric square wave signal whose delay and duration can be adjusted with regard to a pulse synchronized with the rotating blade row. Two functions must be met by this system. First, the laser beam must be strobed during a certain time, at each blade passage, to keep the light reflections from the rotating blades from saturating the photodetectors. The Pockel cell, used for this purpose, is driven by the previous square wave signal experimentally adjusted. Secondly, the time elapsed between each event and the blade pass has to be simultaneously acquired. For this purpose, the secondary part of the dualcounter is used. It is reset by the pulse trailing-edge of the wave-shaped signal and latched by the start signal from the photodetector. Thus, it is possible to determine the azimuthal location of each L2F datum in the rotating frame, relative to the adjacent blade suction side. Then, the data are classified in several "measurement windows" (MW) resulting from a blade pitch cutout. The previous zero data zones prediction is used to adjust this cutout, regarding the required spatial resolution and insuring a reduced acquisition time, as shown below.
prediction of the measuiable inter blade flow field ZS=
The prediction method developed in this section requires knowledge of the blade section coordinates at their intersection with a number of axisymmetrical blade-to-blade surfaces from tip-to-hub (the azimuthal coordinate 0 being time dependent because the blade turns with a U velocity). Furthermore, the laser beam axis equation is needed and the intersection of the beam cone with any surface of revolution is assumed to be an ellipse (C) of center B, whose size depends on the on-axis distance AB from the top to the given blade section, as well as on the half cone angle value v (Fig. 2a) .
The relative azimuthal location can be expressed either in terms of the circumferential distance or the elapsed time. Subsequently, it will be expressed hereafter in percentage of the blade pitch (or blade passage period tb = 60 / Nb N, where N is the rotation speed (r.p.m.) and Nb the number of blades). The prediction is based on the relative azimuthal position of the blades with regard to the laser beam and it will be assumed here that the blades are motionless whereas the beam translates with a (-U) velocity.
At a given measurement point A, for each blade section i running from the shroud to the last section before the point A, the azimuthal coordinate of the cone axis 0 13 , for which the ellipse (C) is tangent to the blade surface, can be calculated for the suction side as well as for the pressure side (Fig. 2b) . Thus, the shadow zone will be located between the largest value of Ela on the suction side and the smallest value on the pressure side (Fig. 2c) . Let us consider the simplified configuration of Fig. 3 , in which an unstaggered blade is shown in the (0, n) plane. To the left of point 1, the incident beam cone (vi = ± 5°) is not cut off by the blades and the scattered light (v z = ± 10°) is wholly collected by the photodetectors. Between points 1 and 2, only a part of the scattered light is collected. To the right of point 2, the incident cone is partially blocked, but up to point 3, at least half of the incident and scattered light cones are not blocked by blades. Experience shows that, up to point 2, measurements are always possible and, up to point 3, are nevertheless frequently successful.
Let us denote the elapsed time between the passage of the blade suction side surface (point 4) and point 1 by T -(the shadow region (sh) on the suction side (-), corresponding to the whole scattered light cone (vz = ± 10°)), the time between points 4 and 2 by T-ths (the shadow region on the suction side, corresponding to the whole incident light cone (vi = ± 5°)) and, finally, the time between points 4 and 3 by Trh s (the shadow region on the suction side, corresponding to half-blocking of the incident and scattered Light cones). Thus, for the suction side, the shadow region occurs between T;14 and Tais .
For the pressure side (+), a similar analysis can be carried out by replacing points 1, 2, 3, 4 respectively by points 8, 7, 6 and 5 (for the specific configuration of Fig. 3 , the points 5 and 6 coincide). Thus, as above, the shadow regions for the pressure side will be denoted as TsPhio , TiP es and Ttho . (Fig. 4) . In the first case (Fig. 5a) , the greatest amplitude of the noise signal occurs when the measurement volume is located on the blade surface. On both sides, the noise signal persists as long as the blade surface, from which the incident light reflects, remains within the depth of field of the optics. The signal looks like an assymetric Gaussian distribution whose width is T oc and whose maximum position is characterized by x (0 x 5 1). The width depends on the amount of light reflected by the blade surface (function of the blade twist, the reflecting properties of the surface, etc.). In the second case (Fig. 5b) , the distribution shows two humps, the first one arising from the light reflection at the blade tip while the second one has a similar origin to that described above.
During data acquisition in a rotating blade row, the laser beam must be switched off during the time Too. For this purpose, the square wave signal driving the Pockel cell is experimentally set at the required length Too and in phase by adjusting the delay. This process is important because the pulse trailing-edge of the wave-shaped signal (point 9 or 2) is also used to reset the secondary part of the counting-system. 
Azimuthal location of L2F data
The knowledge of the elapsed time at between the reset and the arrival of the data leads to the determination of the azimuthal location of the L2F data relative to the blade suction surface, provided that the circumferential position of the reset can be fixed relative to this blade surface (point 4). In both cases as shown in Fig. 5a and 5b, the elapsed time between the local suction side surface passage and the reset is given by ( x.Toe -). Consequently, the azimuthal location of each L2F datum is given, as a percentage of the blade pitch, by : 13= Attrh + x.Toc -Tch ( 16) 7ero data regions and the data acquisition procedure The software written for the classification of the data in the different measurement windows offers a considerable versatility in order to adjust the spatial resolution to the nature of the flow. In fact, the widths of the measurement -windows can be chosen independently from each other, taking into account the prediction of the measurable zones described above (including both shadow and light reflection effects from now on). Furthermore, the procedure can decrease the acquisition time by independently choosing the number of validated data to be acquired in each measurement window.
In the case of measurements away from the shroud, i.e. in which the blade tip is outside the probe volume on-axis extent, the time T-(with reset as origin) during which no data occurs on the suction side, runs from point 9 to point 1 in the • worst case. In the best case, it stretches from point 9 to point 3 if the points order is 1-3-9, or equals zero if the points order is 1-9-3. Therefore, the points order, which depends on the blade geometry and on the effective depth of field of the system, leads to different formulations. Subsequently, the different formulae expressed below deal only with the case of Fig. 3 to 5 (slope of the blade surface tangent de/dn positive, points order 1-3-9, 5-8-10, ...), but similar relations could be written for any other blade shape. Referring to Fig. 5a , T -can therefore be obtained from :
(T:h. x.Too + 'rib) < T-< (Ta" -x.T0c + Tt (17) Likewise, in the case of measurements near the shroud (Fig.  5b) , the time T-is given by : 0< T;00 < Tzm -1zh5
( 1 8) For the pressure side, the time T+ during which no data occurs is given simply for the two cases by : T+
Once the zero data regions T -and T+ have been calculated, it is possible to adjust the circumferential resolution by choosing suitable measurement window widths such that the first window coincides with the zero data region on the suction side (T;), and the last one with the zero data region on the pressure side (T+ ). Outside these zero data regions, the selected blade pitch cutout results from a compromise between good spatial resolution and reasonable acquisition time.
A FEW EXAMPLES OF THE PROPOSED PROCEDURE
The first example is derived from our current investigations conducted inside the compressor called TMO. it is a single-stage centrifugal compressor composed of a backswept spliuered unshrouded impeller coupled with a vaned diffuser. The overall pressure ratio is around 9:1 and the blade passage frequency is about 28000 Hz. The data presented here are extracted from the results obtained inside the impeller (Trebinjac and Claudin, 1996) and enhance the possibility to reduce the acquisition time and better define the azimuthal location by optimizing blade pitch cutout owing to zero data zones predictions.
The prediction of shadow region for a line of sight located in the axial part of the impeller is shown in Fig. 6 . The hub-totip distibutions of shadow regions corresponding to the whole incident light cone on the suction side (T -A3 ), due to the blade thickness (Tth) and on the pressure side (T:hs ) are plotted. The prediction for the suction side is consistent with the blade shape diagrammatically represented in Fig. 2c . At a measurement point located at 50% blade height (i.e. away from the shroud -case of Fig. 5a ), the shadow regions on the suction side, on the pressure side and due to the blade thickness are respectively Ti s = 17, Tjfh,= 3 and Tth = 6. The experimental occultation time is Toc = 13 with x = 0.7.
For the effective depth of field of the utilized anemometer and taking into account the local blade geometry, the calculations of the zero data regions described above lead to : Let us consider an "ordinary cutout", i.e. N w measurement windows (MW) of equal widths between two consecutive resets (for example N=10, Fig. 7a ). It is evident that the 10th MW is wholly occulted and no data will occur in it during the acquisition. Similarly, fewer data will be obtained in the 9th MW since it is partially occulted. On the other hand, even if the Pt MW is not occulted, no data will be available in it either, and only little data in the 2nd MW, because T" runs over it. Such a lack of data results in an increase in acquisition time.
One of the solutions is to simply adjust the number of data to be acquired in a MW via its effective width, i.e. the part of it in which data are available. However, the azimuthal resolution is not good since some MW are only partially used. Moreover, a discrete azimuthal position, corresponding to the middle of each MW, is assigned to the whole data collected in the window. Thus, the data collected in the 2nd MW will be associated with a discrete value of 15, whereas, in fact, they lie between 14% and 20% of the blade pitch which would give a discrete value of 17. This shift leads to gradient smoothing.
A better solution consists in an "optimized cutout" which is a blade pitch partition into 10 wholly efficient MW and two extra "blind windows" (Fig. 7b) in which no validated data will be expected (zero data zones). Between these blind windows, the efficient MW, whose widths can be chosen independently from each other, are distributed according to the expected nature of the flow as illustrated hereafter.
The second example is taken from investigations performed in a single-stage supersonic axial compressor designated ECL3, representative of a first-stage high-pressure compressor of an advanced turbojet. The compressor has 44 inlet guide vanes, a 48-bladed rotor and a diffuser with 44 blades. The rotor hub-to-tip ratio is 0.75. Operating conditions are as follows : the stagnation pressure ratio and mass flow are respectively 1.84 and 18.1 kg/s, the rotating speed is 16000 rpm and the maximum inlet relative Mach number varies from 1.3 at the tip to 1.1 at the hub. Results shown here are extracted from data acquired inside and downstream of the rotor (Tr6binjac et al., 1993) , in order to highlight the improvement of the rotor wake description using suitably chosen widths of each measurement window. The continuous line in Fig. 8 shows the relative velocity distribution obtained downstream of the rotor (so there are no zero data regions) if the blade pitch is split into 10 equal width measurement windows. A better azimuthal resolution can be achieved either by increasing the number of measurement windows, which inevitably increases the acquisition time, or by adjusting the width of each measurement window. This second option is illustrated by the dotted line in Fig. 8 , which again corresponds to a blade pitch cutout in 10 measurement windows, but whose widths are chosen narrower in the wake region than in the "inviscid flow".
It can be observed that the wake is better described by the dotted line because of the reduced integration effect, without sacrificing the accuracy in the "inviscid" region or increasing the acquisition time too much.
CONCLUDING REMARKS
An acquisition procedure aimed at improving the acquisition time has been developed. A method for refining azimuthal resolution for measurements within the rotating blade passages has also been described. This method combines calculations from geometric information and analysis of the laser light reflection distribution on the blade surfaces. Based on these calculations, an optimized partition of the inter-blade pitch is suggested. Two examples highlight the resulting benefits.
High-speed small-scale compressors produce strong secondary flows within the blade channels, hence the need for three-dimensional measurements. Further development of the measurement technique is thus needed, including the adaptation of the present method for a 3D version of L2F anemometry. The L2F-3D anemometer is composed of two L2F-2D devices which are symmetrically located on both sides of its axis (Schodl and Forster, 1990) . The acquisition procedure can be derived from the proposed 2D procedure. Prediction of the shadow regions will be more difficult as they are subordinate to the anemometer angular position and thus the local velocity vector orientation.
